ABSTRACT: Nutrient intake during gestation has an impact on gestation parameters and subsequent lactation performance. The objectives of this experiment were to determine the impact of feeding two levels of amino acids in gestation on sow BW changes in gestation and lactation, and litter size, and to evaluate a factorial method for determining daily energy requirements. At mating, 419 sows (Camborough 15; Pig Improvement Canada, Acme, AB) were assigned randomly within Parities 1, 2 or 3+ to a gestation diet containing either 0.44% (low lysine) or 0.55% (high lysine) total lysine and 3,100 kcal DE/kg; other indispensable amino acids were adjusted to lysine based on ideal protein ratios. Feed allowance in gestation was determined factorially using estimated DE requirements for maintenance, maternal gain, and conceptus growth. Sows were allowed free access to the lactation diet. Gestation BW gain from d 0 to 110 was affected by parity (61.2, 60.0, and 42.3 kg for Parity 1, 2, and 3+, respectively; P < 0.05) but not (P > 0.10) by gestation lysine level. Sow
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BW changes from d 0 of lactation to weaning were affected by parity (0.5, 6.8, and 5.8 kg for Parity 1, 2, and 3+, respectively; P < 0.01) and gestation BW gain (P < 0.01), but not by gestation lysine level (5.0 vs 3.8 kg for low and high lysine, respectively; P > 0.10). Total piglets born was affected by parity (11.5, 12.1, and 12.5, for Parity 1, 2, and 3+, respectively; P < 0.01) and increased with increasing sow BW gain (P < 0.05). Total piglets born alive (mean = 11.2) was increased with increasing sow BW gain (P < 0.05). Total litter weight born alive was affected by parity (15.9, 18.6, and 19.4 kg for Parities 1, 2, and 3+, respectively; P < 0.01) and gestation BW gain (P < 0.05). The model used to determine daily energy intake requirements resulted in an average BW gain of 10.6 kg above the targets set by the model. Total lysine intakes greater than 10.6 g/d in gestation did not improve sow productivity. Setting target weight gains in gestation and feeding to meet these targets may not always provide predictable results due to a number of factors that affect the energy requirement in the sow.
This means that the research community must respond with data that either contributes to factorial estimates or evaluates requirements calculated in this manner. A factorial approach aids in defining precise feeding programs, with gestation being a phase involving anabolic events, while preventing excessive weight gains that would be detrimental to subsequent lactation performance (Williams et al., 1985; Weldon et al., 1994) .
Models have been developed for sow nutrient requirements in gestation. These models attempt to partition nutrient requirements into three components to allow for more precise predictions (Whittemore and Morgan, 1990; Whittemore, 1998) . The first component is maintenance, which in the case of energy has been estimated at 110 kcal DE/kg BW 0.75 Kemp et al., 1987) . The second component is the requirement for proper growth of the conceptus and associated reproductive tissues, estimated at 1.15 Mcal DE/kg fetus at farrowing . The third component is for maternal growth, to replenish tissues catabolized in the previous lactation and(or) to support net growth in immature sows; it is estimated at 5.0 Mcal DE/kg of weight gain (NRC, 1988; Close et al., 1985) . The sum of these components determines the overall energy requirements in gestation.
The first objective of this study was to determine the effect of lysine intake in gestation on sow and litter performance. The second objective was to evaluate the factorial method of defining daily energy requirements of the sow in gestation.
Materials and Methods

Experimental Design
In total, 419 sows (Camborough 15; Pig Improvement Canada, Acme, AB), including 99 of first parity, 106 of second parity, and 214 of third to ninth parity were bred to terminal line boars (Canabrid; Pig Improvement Canada). A total of 450 sows were used to reach the total number of sows needed for this experiment. Parity 1 sows had to weigh at least 120 kg at breeding to be included in the experiment. The experiment was conducted in three replicates.
Sows were assigned randomly within parity at mating to one of two gestation diets that contained either 0.44% (low lysine) or 0.55% (high lysine) total lysine and 3,100 kcal DE/kg (Table 1 ). The two levels of lysine were set below and above the recommendations of NRC (1988) on a percentage of the diet basis.
Daily feed allowance in gestation was determined using the maintenance requirement proposed by Close et al. (1985) of 110 kcal DE/kg BW 0.75 , the target BW gains proposed by Verstegen and den Hartog (1989) , and the energy required for protein and lipid gain reported by Pettigrew and Yang (1997) and Walker (1990) . Example calculations of daily feed allowance are presented in Table 2 . Feed allowances were calculated using BW at mating and the target BW gains established for each parity. Total gestation BW gain targets, including conceptus and maternal growth, were 55, 50, 40, 30, and 20 kg for Parities 1, 2, 3, 4 and 5 and higher, respectively. After the first replicate of the experiment was completed, it was apparent that first-and secondparity sows gained an average of 9.6 and 13.3 kg more BW than targeted, respectively. In Replicates 2 and 3, the daily energy allowances of these two parities were adjusted downward based on the energy required for protein and lipid gain reported by Pettigrew and Yang (1997) and Walker (1990) to achieve the prescribed gestation BW gain. Calculations used to adjust daily feed intake were based on the proportion of lipid and protein gain and the energy required to deposit these tissues. The calculation resulted in decreasing the average daily feed allowance by 103 and 110 g/d for Parity 1 and 2 sows, respectively.
Sows were assigned within parity and gestation diet to one of a series of lactation diets at d 110 of gestation. There was no interaction between gestation and lactation treatment (P > 0.10); therefore, gestation treatment effects were pooled across lactation treatment. Sows were allowed ad libitum access to feed throughout lactation. A description of lactation diets, sow management procedures, and sow and litter performance in lactation are reported in the companion article (Cooper et al., 2001) .
Animal Management
Sows were bred using natural mating at the onset of estrus (defined as when the sow was in standing heat) and 24 h after the initial mating. Pregnancy was , where BW is average of initial BW and final BW based on target total weight gain in gestation. c Maternal BW gain requirement is sum of requirement for protein gain (12.78 kcal/g) and lipid gain (13.05 kcal/g). This assumes that maternal gain is 12.5% protein and a 2:1 lipid:protein ratio in maternal gain. Lipid:protein ratios of gain during pregnancy using contemporary genetics is extremely limited in the literature. checked at 21-d intervals using the detection of standing heat until pregnancy was confirmed. Sows that returned to estrus were rebred and remained on the same treatment. Daily feed allowance for these sows was recalculated using the BW of the sow as determined at breeding after their return to estrus. Feed allowance was constant throughout the gestation period. Body condition was scored at mating (Patience et al., 1996) . Sows with a body condition score of less than 2 or greater than 4 were excluded from the experiment to minimize sow BW variation. Two sows were excluded due to poor body condition. Four sows with a body condition score of 2.5 were fed an extra 500 g/d to replace depleted body reserves. During gestation, sows were housed in individual stalls and received their daily feed allowance as a single morning meal in individual feeders that prevented inadvertent stealing of feed by neighboring sows. Feed was hand-weighed to the nearest 10 g. Sows had free access to water via nipple drinkers.
Sows were moved to the farrowing room at d 110 of gestation and fed 1.25 kg of their respective lactation diet twice daily (morning and afternoon) until farrowing (farrowing day = d 0). Sows had free access to their respective lactation diets and water from d 1 until weaning.
Piglets were treated according to routine management practices that included teeth clipping, tail docking, ear notching, and subcutaneous iron dextran injections (200 mg/pig) within 1 d of parturition. Piglets were castrated within 7 d of birth.
The University Committee on Animal Care and Supply at the University of Saskatchewan reviewed and approved the animal care protocol for the experiment to ensure adherence to the Canadian Council of Animal Care guidelines (UCACS protocol # 970004; Canadian Council on Animal Care, 1993).
Measurements
Sows were weighed the day after their last mating (defined as d 1 of gestation); and on d 35, 75, and 110 of gestation; on d 1, 10, and 18 of lactation; and at weaning. Backfat thickness was measured over the last rib 2 cm off the midline on both sides using A-mode ultrasound (Renco Lean Meater type 7, Renco Corporation, Minneapolis, MN) at the time of weighing. Backfat thickness for the left and right sides was measured, and the average was calculated and recorded. Piglets, including still-borns, were counted and weighed individually within 12 h of birth.
Statistical Analysis
Data were analyzed as a randomized complete block design using the general linear models procedure of (SAS Inst. Inc., Cary, NC). Sows were assigned to gestation dietary treatment within parity and then to lactation dietary treatment within parity and gestation treatment. The experiment was conducted over three replicates (blocks) and each replicate consisted of one first-parity, one second-parity, and two third-and higher-parity sows per lactation treatment. There was no effect of replicate (P > 0.10); therefore, data were pooled across replicates. Gestation lysine level served as treatment, and the sow was considered the experimental unit. The statistical model included the effects due to parity as well as the parity × gestation lysine level interaction term.
Sow BW at mating was used as a covariate for statistical analyses in gestation. Pearson's correlation coefficients were calculated using the correlation procedure of SAS to test the correlation between gestation energy intake and gestation BW gain, and between gestation BW gain and lactation BW changes. Overall, a negative correlation was observed between gestation BW gain and gestation energy intake (r = −0.01; P < 0.05). Because of the prescribed BW gains assigned to each parity, effects of parity and gestation BW gain were confounded in the statistical analysis. Therefore correlation analysis was performed within parity.
The relationships among variables of interest were studied using linear regression techniques. There was no significant gestation treatment × lactation treatment interaction (P > 0.10). Therefore, gestation treatment was analyzed independent of lactation treatments. The statistical design for the lactation component of this experiment has been described elsewhere (Cooper et al., 2001) . Data are reported as least square means.
Digestibility Experiment
A digestibility experiment employing twelve barrows (Camborough × Canabrid cross, Pig Improvement Canada, Acme, AB; 25 ± 2 kg) was conducted to determine the actual digestible nutrient content of the experimental diets (Table 1) . Pigs were surgically fitted with Tcannulas at the distal ileum according to procedures described by Li et al. (1994) and then assigned randomly to one of the two gestation diets. The experiment included 9 d for adaptation, 2 d for fecal collection, and 3 d (12 h/d) for ileal digesta collection. There were a total of six observations for each diets.
Dry matter of the feed, fecal, and digesta samples was determined by Method 934.01 (AOAC, 1990 ). Gross energy in the feed and fecal samples were measured in a Parr adiabatic bomb calorimeter (Model 1200, Parr Instrument Co., Moline, IL). Chromic oxide (added at 0.4% of the diet) was measured in the feed, feces, and digesta according to Fenton and Fenton (1979) . Degussa Hü ls AG (Allandale, NJ) conducted amino acid analysis of the feed and digesta samples. Methionine and cystine were determined as methionine sulfone and cysteic acid after oxidation with performic acid by Method 994.12 (AOAC, 1990). Tryptophan content was determined after alkaline hydrolysis with lithium hydroxide by means of reversed-phase high-performance liquid chromatography. Energy and amino acid digestibility coefficients were calculated using chromic oxide as an indigestible marker.
Results
Sows gained an average of 53.4 ± 0.8 kg in gestation and 4.8 ± 1.2 kg in lactation (Tables 3 and 4) . Sows farrowed an average of 12.0 ± 0.2 total piglets and 11.2 ± 0.2 live-born piglets per litter (Table 5 ). Daily energy intake ranged from 6,098 to 7,389 kcal DE/d for all sows (Table 2) .
Sow Body Weight
Gestation lysine level did not affect total gestation BW gain, regardless of parity (Table 3 ; P > 0.10). Total gestation BW gain was affected by parity (P < 0.05); sows of Parities 1 and 2 gained 64% more BW than sows of Parity 3 and higher (P < 0.05). Sow BW gain between d 1 of gestation to d 1 of lactation was affected by parity (P < 0.05). However, actual BW gains between d 110 of gestation and d 1 of lactation may be affected by mammary milk production, proper cleaning out of the sow, or gut fill. Therefore, measuring total sow BW gain until d 110 of gestation may give a more accurate measure of actual sow BW gain in gestation. Parity 1 and 2 sows gained approximately equal proportions of BW over each trimester of pregnancy (Figure 1) . However, as parity increased, a larger proportion of BW was gained in the last two trimesters. Within Parities 1, 2, and 3+, a positive correlation existed between sow BW gain and gestation energy intake (r = 0.40, 0.21, and 0.14 for Parities 1, 2, and 3+, respectively; P < 0.05).
Parity 1 sows gained less BW in lactation than Parity 2 or 3+ sows (P < 0.05; Table 4 ). An interaction between parity and gestation lysine level existed (P < 0.05); thus, Parity 1 sows on the high-lysine gestation diet actually lost 1.9 kg, whereas Parity 1 sows on the low-lysine gestation diet gained 3.0 kg. Parity 2 and 3+ sows did not show this interaction (P > 0.10).
Gestation BW gain was correlated negatively with lactation BW changes (P < 0.05; Figure 2 ). Every extra kilogram of BW gain in gestation resulted in a loss of 0.3 kg in lactation (R 2 = 0.22). Gestation energy intake was correlated negatively with lactation BW change (r = −0.19; P < 0.05).
Sow Backfat Thickness
Overall, gestation lysine level did not affect backfat thickness changes over the 110 d of gestation (Table 3 ; P > 0.10). However, there was a parity × gestation diet interaction (P < 0.05); Parity 2 sows on the high-lysine gestation diet gained significantly less backfat than Parity 2 sows on the low-lysine gestation diet over the 110-d gestation. Parity 1 and 3+ sows showed no interaction (P > 0.10).
Litter Characteristics
The total number of pigs born and pigs born alive per litter were not affected by gestation lysine level (Table 5 ; P > 0.10) but were affected by parity (P < 0.05), with Parity 1 sows farrowing fewer piglets than Parity 2 or 3+ sows (P < 0.05). The weights of litters born to Parity 1 sows were lower than the weights of litters born to Parity 2 or 3+ sows (P < 0.05). The average piglet BW at farrowing for Parity 1 sows was 130 g lighter than piglets from Parity 2 or 3+ sows (Table 5) .
Total sow gestation BW gain, and the number and weight of piglets born and born alive were correlated positively (r = 0.41, 0.40, 0.51, and 0.51 for piglets born per litter, piglets born alive per litter, total BW of the litter, and total BW of the piglets born alive, respectively; P < 0.05). Every kilogram of total sow BW gain in gestation corresponded to an extra 0.14 piglet born and 0.04 piglet born alive, which resulted in 50 g of additional litter weight at birth. As well, gestation energy intake was correlated positively with the BW of the piglets born (r = 0.24; P < 0.05) and born alive (r = 0.24; P < 0.05).
Gestation Daily Energy Intake Model
The predicted total sow BW gain was compared with the actual total BW gain in gestation. Overall, sows gained an average of 10.6 kg more than expected (Table  6 ). Parity 1 and 2 sows gained 9.6 and 13.3 kg above target in Replicate 1; feed allowance was therefore adjusted downward by 103 and 110 g/d for Parity 1 and 2 sows, respectively, based on the original calculations used for protein and lipid gain to decrease BW gain in gestation. As a result, BW gains in Replicates 2 and 3 were only 4.5 and 8.3 kg above target for Parity 1 and 2 sows, respectively.
Discussion
The level of lysine in gestation diets did not affect gestation BW gain, even though the diets were formulated such that one level was below and one level was above NRC (1988) . When the total daily intake of lysine was calculated (average of 10.6 and 13.2 g total lysine/ d or 8.3 and 10.3 g apparent ileal digestible lysine/d for low-and high-lysine diets, respectively), both diets were at or above the current recommendations of NRC (1998) (9.4 to 11.4 g total lysine/d or 7.2 to 8.9 g apparent ileal digestible lysine/d). Diets were originally formulated based on NRC, 1988 recommendations. Thus, results of the present study confirm that the recommendations of NRC (1998), with respect to daily lysine intake, are adequate, even in animals producing at a high level.
Parity 1 and 2 sows gained more total BW in gestation than Parity 3+ sows on the same level of daily energy intake. The maintenance energy requirement of primiand multiparous sows is 110 kcal DE/kg BW 0.75 . Because Parity 3+ sows have a higher BW at mating than Parity 1 or 2 sows, maintenance demands a higher proportion of nutrients. Therefore, younger or smaller sows will gain more maternal tissue than a mature sow on the same daily energy intake.
Parity 1 and 2 sows gained approximately equal amounts of BW over each trimester of pregnancy. However, in higher-parity animals, the proportion of total BW gained in the last two trimesters of pregnancy was higher than in the first trimester. This makes sense intuitively. In younger sows, approximately 25% of their estimated energy requirements are directed toward maternal and conceptus gain. Conversely, in higher-parity sows, the daily energy allowance is based primarily on maintenance requirements; only 6% of their daily energy allowance is for conceptus gain and other than third-and fourth-parity sows, there is no energy allowance for maternal gain. During the first trimester, when little conceptus growth is occurring, Gestation lysine effect (P < 0.05).
c Parity effect (P < 0.05).
d Parity × gestation lysine interaction (P < 0.05).
limited increases in BW would therefore be expected . As the pregnancy advances, conceptus gain increases and is reflected in increases in total sow BW. These observations would suggest that any attempt to recover maternal body condition lost in lactation would best be directed to the first trimester of pregnancy. Change in backfat thickness was not affected by the level of lysine in the gestation diets; as explained earlier, both lysine levels were at or above current recommendations (NRC, 1998). However, Parity 2 sows gained less backfat on the high level of lysine, suggesting that BW gain was in the form of protein and not fat deposition. This in turn might suggest that lysine intake was marginal for Parity 2 sows. It should also be noted that Parity 2 sows had less backfat at the start of the experiment and this could have confounded the results somewhat. Finally, Parity 2 sows on the highlysine diet also lost more backfat in lactation, suggesting that body fat was utilized as an energy source in lactation.
Weight gain between mating and weaning can be associated with considerable fat loss in the sow during lactation (Mullen and Williams, 1989; Yang et al., 1989) . However, in the present study, an average of 0.1 mm of backfat was gained in lactation, indicating that sows in this study were not mobilizing excessive quantities of fat. This is supported further by a net backfat gain of 1.9 mm from mating to weaning and the positive weight gain by the sows in lactation. Litter size at farrowing exceeded most published data (Dourmad, 1991; Coffey et al.,1994; Everts and Dekker, 1994; Mahan, 1998) . Some researchers have reported adverse effects of increased gestation energy intake on the number of piglets born alive (Buitrago et al., 1974; Libal and Wahlstrom, 1977) . However, in the present study, increased gestation energy intakes were related to a higher number of piglets born alive and increased litter weights at farrowing, even though the effect was The difference between the actual mean gain and the target weight gain. Target weight gain includes maternal and conceptus growth.
small. This relationship was not observed in Parity 1 sows, possibly due to the fact that Parity 1 sows are still growing to mature size.
Parity 1 sows farrowed fewer piglets than higherparity sows, similar to previous studies (Coffey et al., 1994; Mahan, 1998) . In contrast, Morrow et al. (1989) reported that the number of pigs born was lower in Parity 2 than in Parity 1; this is sometimes referred to clinically as the second-parity slump.
Parity 1 sows were bred at an average BW of 158.2 kg, which is heavier than initial weights of gilts in other studies (Dourmad, 1991; Everts and Dekker, 1995) and in typical commercial practice. However, BW gains in gestation in the present study are similar to gains achieved by Everts and Dekker (1995) . Litter size at farrowing was 0.6 pig higher in this study and the weight of the litter born was 90 g heavier on average than that achieved by Everts and Dekker (1995) . Increased litter size in this study may be due to a number of factors, including the higher BW, which in turn would reflect increased physical maturity. Whatever the cause, it was highly desirable for the purposes of this study, as high animal productivity was required in order to put pressure on amino acid needs of the sows and thus best evaluate the imposed dietary treatments. Targets for BW gain were exceeded in sows of all parities in the present study. Stein (1998) found that apparent ileal digestibility coefficients for amino acids were higher in pregnant and lactating sows than in grower pigs. If this same increase in digestibility coefficients is observed with energy, then excess BW gains in gestation, as observed in this study, could be explained. However, Stein (1998) did not determine digestible energy coefficients in sows. Noblet and Shi (1993) found that digestibility of dietary energy increases with increased BW because of increased degradation of undigested carbohydrate in the large intestine. Therefore, increased DE in the diet may have contributed to the excess total BW gain found using the original factorial model because diets were formulated based on DE values for grower pigs.
The factorial approach employed in this experiment had limited success in predicting sow BW gain through gestation. To further evaluate the factorial estimation of DE requirements, the actual daily DE intake for each sow was entered into the NRC (1998) gestation model to predict BW gains of the sows (Table 7) . Likewise, the actual number of piglets farrowed was put into the NRC (1998) gestation model. Comparisons between the predicted BW gain and the actual BW gain could then be made. The deviation between the predicted and actual BW gains was then organized by parity, BW at breeding, total number of piglets born or the total weight of the litter born (Figures 3a to d) .
The deviations between predicted and actual gains (NRC prediction − actual BW gains) were −6.8 ± 0.8, −6.2 ± 0.8, −1.4 ± 1.6, 0.1 ± 1.4, 4.5 ± 1.7, 1.1 ± 2.0, 7.8 ± 3.2, and 9.0 ± 3.9 kg for Parities 1 through 8, respectively. The deviation between predicted and actual BW gains in gestation decreased with increased parity and initial BW at breeding until the fifth parity and a BW range of 210 to 240 kg when it increased. The National Research Council (1998) underestimated BW gain in gestation for younger, lighter sows and overestimated BW gain for older, heavier sows.
There are a number of possible explanations for the deviations between actual and predicted. Perhaps the most compelling is errors in the expected composition of sow BW gain. For example, the NRC (1998) model may underestimate BW gain in smaller, younger sows because gain is based more on protein and less on lipid, and thus is more efficient than expected. Overestimation of gain in older, larger sows may be explained by less-efficient use of energy for gain, suggesting a higher than expected proportion of lipid gain. Neither model adjusts the proportion of protein or fat being accreted based on the age and size of the sow, which may account for the deviations between actual and predicted total sow BW gain in gestation.
In terms of litter size and litter weight at birth, NRC (1998) obtained the closest estimate of BW gain in gestation for sows with litters larger than 11 piglets and litters weighing between 14 to 17 kg at birth. However, as was observed with the factorial approach originally employed in the experiment, predictability of sow BW gain in gestation is still imprecise because of the relationships among BW changes, productivity, and nutrient utilization. A better understanding of how these factors interact in gestation will improve the precision of gestation diet formulation and, hence, overall production efficiency and sustainability.
Implications
The lysine requirement for high producing sows in gestation has been evaluated and confirms the recommendations of the National Research Council's 1998 Nutrient Requirements of Swine. Total lysine intakes in gestation greater than 10.6 g/d (8.3 g of apparent ileally digestible lysine/d) did not improve sow productivity in the present study, which involved sows farrowing 12.0 total and 11.2 live-born piglets per litter. The response of gestating sows to daily energy intakes, in terms of changes in BW, may not be fully reflected in the current National Research Council model. However, deviations between expected and actual are not large. Predicting changes in BW in gestating sows may be difficult due to lack of information on the composition of BW gain and the impact of parity thereon.
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